Previous studies suggested that blood fatty acids (FAs) might affect blood pressure (BP), but the findings have been inconclusive. This study evaluated the cross-sectional and prospective associations of erythrocyte FAs with BP in middleaged and elderly Chinese individuals. Between 2008 and 2010, 1834 participants (1364 women and 470 men) aged 57 6 5 y had baseline measurements taken of their erythrocyte FAs and BP. A total of 1477 participants (1103 women and 374 men) had their BP measured again after 3.09 6 0.32 y (range: 2.91-3.26 y). In the cross-sectional analyses (n = 1834), the erythrocyte saturated FA (SFA) was positively associated with BP, whereas the total cis polyunsaturated FA (PUFA), its subtypes cis n-3 (v-3) PUFA and cis n-6 (v-6) PUFA, and the PUFA-to-SFA ratio were inversely associated with BP (all P-trends < 0.05). The longitudinal results (n = 1477) had marginally inverse associations between cis n-3 PUFA and the n-3:n-6 PUFA ratio and BP. For individual cis n-3 PUFAs, higher contents of 20:5n-3, 22:5n-3, and 22:6n-3 were significantly associated with reduced increases in SBP over time (the mean change range between quartile 4 and quartile 1 was 20.917 to 20.749 mm Hg for SBP; all P-trends < 0.01), and 20:5n-3 was inversely associated with DBP change (the mean change between quartile 4 and quartile 1 was 20.631; P-trend < 0.001). Path analyses suggested that the associations between cis n-3 PUFA and BP might be mediated by decreasing serum triglycerides (TGs) and body mass index (BMI). Our findings revealed that a higher content of cis n-3 PUFA (mainly very long-chain cis n-3 PUFA) may benefit BP progress, probably mediated by decreasing serum TGs and BMI. J. Nutr.
Introduction
Hypertension continues to be a major global public health challenge (1, 2) . In China, increased blood pressure (BP) 4 is the leading preventable risk factor for premature mortality (1) . It is estimated that 1.27 million premature cardiovascular disease (CVD) deaths were attributable to increased BP in Chinese adults aged $40 y in 2005, and this number is expected to increase because of aging, unhealthy diets, and obesity (1) . Thus, identification of the risk factors for hypertension should receive high public-health priority in China.
Diet has been identified as one of the critical influences for BP, and FA, as an important nutrient, might affect BP. Previous population-based observational studies provided inconsistent results regarding the associations between the consumption of different types of FA (i.e., SFA, MUFA, and PUFA), or their ratios [i.e., PUFA-to-SFA (PS) ratio; n-3:n-6 PUFA ratio)], and BP or risk of hypertension in adults (3) (4) (5) (6) . However, these studies all had a remarkable limitation-poor accuracy and precision in the FA intake assessments because of potential recall bias, noncompliance of participants, different sensitivity of individuals to questions about fat intake, unknown food contents, etc. (7) . Randomized, controlled trials also were inconclusive, possibly because of poor compliance, low signal-to-noise ratio (intervened FA/dietary FA in natural foods), and short intervention periods (8) (9) (10) (11) (12) .
The blood (serum, plasma, or erythrocyte) content of FAs can serve as a more objective and accurate biomarker to reflect short-to mid-term internal exposure (i.e., days to months) to both dietary FA intake and its metabolism in vivo (7) . Findings from the limited previous studies that assessed the associations between blood FA and BP are inconsistent. These studies were all cross-sectional in design and most used small samples (<500 participants) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Three nested case-control studies investigated the association between plasma (22, 23) or erythrocyte (24) FAs and the risk of hypertension. However, these studies used hypertension as the endpoint, and deaths can be attributable to BP increases within the normal range [systolic BP (SBP) <120 mm Hg and diastolic BP (DBP) <80 mm Hg] (1). Thus, the risk of hypertension based on BP cut-off points does not fully reflect the effects of FA on BP changes. To our knowledge, no prospective studies have looked at erythrocyte FA content as a predictor of BP change.
This study examines the cross-sectional and prospective associations between erythrocyte FAs and BP in a communitybased cohort of middle-aged and elderly Chinese.
Participants and Methods
Study population. The study design was a community-based prospective cohort designed to identify the determinants of CVDs and bone health, as described in a previous report (25) . During July 2008 and June 2010, 3162 participants aged 40-75 y who had been Guangzhou residents for at least 5 y were initially recruited through invitation letters, local advertisements, health talks, and referrals (25) . We excluded participants with confirmed chronic diseases such as diabetes, CVDs, liver or renal failure, or cancer (n = 184), and those who were using antihypertensive therapy at baseline (n = 248), had missing erythrocyte FA values (n = 894), or had missing BP measurements (n = 2). Finally, 1834 participants (1364 women and 470 men) were included in the cross-sectional analyses. Of these participants, 1477 (1103 women and 374 men) were successfully followed between April 2011 and January 2013 and were included in the longitudinal analysis. A total of 357 participants dropped out because of refusal to participate (n = 236), lost contact or emigration (n = 87), serious diseases or death (n = 26), or missing BP data (n = 8).The ethics committee of the School of Public Health at Sun Yat-sen University approved the study. Written informed consent was obtained from all of the participants at baseline and at follow-up.
BP measurements and hypertension history. At each examination, BP was measured twice for participants on the left arm with a mercury sphygmomanometer after they had been sitting for at least 10 min; the 2 measurements were 10 min apart. During the BP measurements, participants were seated to maintain the test position, ensuring that each participantÕs heart was at the same level. If the differences were $4 (SBP) or $3 (DBP) mm Hg, another measurement was taken after waiting >10 min. The mean of these 2 or 3 measurements was used for the analyses. At each visit, participants were asked if they had ever been diagnosed with hypertension by a doctor or health professional, how long they had hypertension, and whether they had taken antihypertensive medications regularly in the past year.
Measurement of erythrocyte FA content. Venous blood samples were collected at the baseline after a 12-h fast. Red blood cells were washed and separated within 2 h of being taken and were stored at 280°C until the analyses. Individual erythrocyte FAs (proportionate value) were measured by using GC (7890 GC, Agilent; DB-23 capillary column: 60 m 3 0.25 mm internal diameter 3 0.15 mm film, Agilent) and by using commercial standards (Nu-Chek Prep), as previously described (26, 27) . Twenty-five types of FAs were identified and the SFA, cis MUFA, and cis PUFA (cis n-3 and cis n-6 PUFA) were calculated as the sum of the corresponding individual FAs. Intra-assay CVs were 2.8% for the total SFA, 4.0% for cis MUFA, 5.8% for the total cis PUFA, 8.5% for cis n-3 PUFA, and 5.1% for cis n-6 PUFA.
Covariates. All of the covariates used in this study were ascertained at baseline. Information on sociodemographic characteristics, lifestyle, physical activity, and habitual dietary intake were collected during faceto-face interviews, and anthropometric measurements were taken by trained staff. We used passive smoking status as a covariate because few Chinese women are smokers (28) ; passive smoking was defined as exposure to another personÕs tobacco smoke in a room for at least 5 min/d every day during the past year. Alcohol drinkers were defined as having had an alcoholic drink (beer, white wine, or red wine) $1 time/d for at least 6 consecutive mos. Tea drinkers were defined as drinking at least 1 cup (;200 mL) of tea per wk in the previous 12 mo. Physical activity was estimated as the total average amount of time spent sitting, walking, standing, engaging in mild or vigorous physical activity, carrying a load, and walking upstairs in a typical week over the previous year. A validated 79-item FFQ was used to estimate habitual dietary intake (25) . Weight and height were measured with standard protocols, and BMI was calculated. Serum total cholesterol (TC), TGs, and glucose were measured by using a Hitachi 7600-010 automatic analyzer (29) .
Data analyses. We used the Kolmogorov-Smirnov test to assess the normality of the distributions of the continuous variables. Comparisons of means between groups were performed by using the t test for normally distributed variables and the Mann-Whitney U test for non-normally distributed variables; the chi-square test was used to analyze categorical variables. Spearman's rank correlation coefficients were computed to evaluate the relationship between erythrocyte FAs and their dietary counterparts.
ANCOVA was used to compare the mean differences in the baseline BP (cross-sectional associations) and its annual changes (prospective associations) among gender-stratified quartiles classified by FAs. The annual BP changes were adjusted for the corresponding baseline value by using the residual method (30) . The covariates included age, gender, marital status, household income, education level, passive smoking, alcohol drinking, tea drinking, physical activity, and dietary intakes of total energy, total fat, fiber, and protein. P for the linear trend was estimated by treating quartiles as continuous variables. The multiplicative interactions between FA and gender were estimated by adding interaction terms. Because no significant interactions were found between FA and gender (P-interactions: 0.06-0.97), all of the other analyses were performed for men and women combined. Considering the type I error caused by multiple testing, P values were adjusted by using Bonferroni correction. The P value was adjusted to the corresponding original 5% level by dividing by the number of subgroups [P-adjusted: 0.05/(n, number of tests), n = 7 (P-adjusted: 0.00714) for the number of erythrocyte FA classes for SBP or DBP, and n = 4 (P-adjusted: 0.0125) for the number of cis n-3 PUFAs for SBP or DBP]. Given the potential mediating effects of cardiometabolic factors in the causal pathway between FA and BP, we used path analysis to assess the effects of BMI, serum TC, TGs, and glucose as mediators (24) .
All of the analyses were performed by using SPSS software version 17.0 (SPSS), except for the path analysis which was performed by using Stata software version 11.0 (Stata Corporation). The 2-sided values of P < 0.05 were considered statistically significant.
Results
Compared with the excluded participants, the included participants at both baseline and follow-up were younger in age, a larger proportion were women, and a larger proportion had a higher education and higher baseline BP values but lower serum glucose concentrations. In addition, the included participants at follow-up also had a lower percentage of drinkers (6.9% vs. 4.8%).
Of the 1834 participants included in the cross-sectional analysis, 1477 (80.5%) were available for follow-up with a mean (SD) follow-up time of 3.09 6 0.32 y (range: 2.91-3.26 y). The participants with higher cis n-3 PUFA concentrations at baseline were more likely to have a lower BMI and lower concentrations of serum TC and TGs, and were less likely to be passive smokers ( Table 1 ). The contents of erythrocyte cis PUFA and cis n-6 PUFA were significantly correlated with their dietary counterparts (r s : 0.08 and 0.12, both P < 0.01), but no significant correlations were found between intake and erythrocyte SFA, cis MUFA, and cis n-3 PUFA (Supplemental Table  1 ). However, the individual very long-chain (VLC) cis n-3 PUFAs in erythrocytes had much stronger associations with their dietary intakes (r s : 0.24 for 20:5n-3; 0.11 for 22:5n-3; and 0.29 for 22:6n-3, all P < 0.001) (Supplemental Table 2 ).
At baseline, the content of erythrocyte SFA was significantly and positively related to both baseline SBP and DBP, whereas inverse associations were observed for the contents of cis PUFA, cis n-3 PUFA, cis n-6 PUFA, and the PS ratio (all P-trends < 0.005) after adjusting for potential confounders ( Table 2 and Supplemental Table 3 ).
At follow-up, higher contents of cis n-3 PUFA and a higher ratio of n-3:n-6 PUFA were marginally associated with lower increases in SBP and DBP after adjustment for multiple testing (P-trends: 0.008 and 0.029 for cis n-3 PUFA; 0.010 and 0.007 for the n-3:n-6 PUFA ratio) ( Table 3 and Supplemental Table 3 ). No associations were observed between SFA, cis MUFA, PUFA, cis n-6 PUFA, or the PS ratio (all P-trends > 0.05). We further explored the associations between individual cis n-3 PUFAs and BP changes and found that VLC cis n-3 FAs such as 20:5n-3, 22:5n-3, and 22:6n-3 were significantly and inversely associated with an increase in SBP (all P-trends < 0.01); and higher 20:5n-3 was also associated with a lower increase in DBP (P-trend < 0.001) ( Table 4 and Supplemental Table 3 ).
Path analysis was used to examine if the 4 potential mediators (BMI, serum TC, TGs, and glucose) contributed to the associations between cis n-3 PUFA and baseline BP or annual BP change (Fig. 1) . cis n-3 PUFA had an indirect negative effect on SBP by influencing serum TGs and BMI, and it also directly influenced baseline DBP. cis n-3 PUFA might decrease SBP only by decreasing BMI and lower DBP via both TGs and BMI.
Discussion
In our community-based study of middle-aged and elderly Chinese adults, higher concentration of erythrocyte SFA and lower total cis PUFA, cis n-3 PUFA, cis n-6 PUFA, and PS ratio were associated with higher BP in cross-sectional analyses. Longitudinal analyses indicated that the relative erythrocyte content of cis n-3 PUFA (mainly 20:5n-3, 22:5n-3, and 22:6n-3) and the n-3:n-6 PUFA ratio were inversely associated with the increase in BP over ;3 y. The path analysis indicated that the effects of cis n-3 PUFA on BP might be through a reduction in serum TGs or BMI.
Most previous cross-sectional studies (13) (14) (15) (16) (17) 21) , and the results from our current study, suggested that higher BP was associated with a higher content of SFA and lower content of cis PUFA (especially VLC cis n-3 PUFA) in serum or plasma. However, no significant associations were observed in a crosssectional study of 1081 urban Italian women aged 20-69 y (19) , among a population of 306 people from Edinburgh aged 55-74 y (18), or in 134 middle-aged Belgium men (20) . These inconsistent findings could have been caused by small sample sizes and a lack of adjustment for potentially confounding variables, such as alcohol intake and cigarette smoking (31) .
To our knowledge, no previous longitudinal observational studies have assessed the associations between blood FAs and BP change. However, 2 prospective cohort studies, the Atherosclerosis Risk in Communities Study (1975 nonhypertensive and 413 incident hypertensive participants with a 6-y follow-up) (22) and the WomenÕs Health Study (516 pairs of hypertensive cases and controls in a 12.9-y follow-up cohort) (24) , reported that the plasma or erythrocyte content of SFA measured at baseline was positively associated with the risk of hypertension, whereas cis PUFA (including cis n-3 PUFA) and the PS ratio were inversely associated with the risk of hypertension. Similar results were observed in another cohort of 602 Swedish men with a 20-y follow-up (23) . However, in our longitudinal analysis, only cis n-3 PUFA and the n-3:n-6 PUFA ratio were significantly associated with a lower increase in BP.
The potential protective effects of cis n-3 PUFA, especially VLC cis n-3 PUFA, in diets were shown in observational studies and randomized, controlled trials (4,6,32,33). Meta-analyses of controlled clinical trials indicated that diet supplementation with a relatively high dose of VLC cis n-3 PUFA from fish oil (median dose >3.7 g/d) could significantly reduce both SBP and DBP, especially in older (>45 y) and hypertensive patients (32, 33) . The cis n-3 PUFA content or intake in our population was similar to that in previous observational studies, which have mainly been conducted in white populations (generally 6-7% or 1-2 g/d). However, cis n-3 PUFA is mainly derived from plant oils or nuts in the Mainland Chinese diet, whereas cis n-3 PUFA in other populations is generally marine-derived and rich in VLC cis n-3 PUFA, which is thought to have efficient health-promoting effects. Our study still found that the VLC cis n-3 PUFA content of erythrocyte membranes was significantly correlated with FFQestimated intake (r s range: 0.11-0.29, P < 0.01). Our findings suggested that even a low intake of VLC cis n-3 PUFA was significantly associated with favorable BP progress in Chinese adults. Thus, recommending VLC cis n-3 PUFA intake would increase exposure in vivo, which in turn might substantially reduce BP in the general population. Path analyses indicated that the protective effect of cis n-3 PUFA on baseline BP or BP change might in part be mediated through amelioration of other cardiometabolic factors, such as reducing serum TGs and decreasing BMI. Prospective studies highlighted the role of dyslipidemia, especially high TGs, on the development of hypertension (34, 35) , probably via damaging endothelial function caused by impaired nitric oxide production, release, and activity, and structural changes in large arteries from atherosclerosis caused by high TGs (36, 37) . A higher BMI might increase BP through elevated cardiac output, expanded blood volume, and elevated peripheral vascular resistance (38) . However, it was also pointed out that hypertension, dyslipidemia, and obesity often occur concomitantly (39) , and they might be affected by the same causes. Therefore, the potential mediating roles of BMI and TGs invite further confirmation. Studies showed that cis n-3 PUFA might decrease inflammation (39) (40) (41) and improve endothelial function (39) , which in turn improves BP. Cell culture and animal experiments also indicated that cis n-3 PUFA lowered BP by directly activating large-conductance Ca 2+ -dependent K + channels (42) (43) (44) . The lack of associations between the content of SFA and cis n-6 PUFA and BP change in our longitudinal analyses contradict findings from previous cohorts regarding the association between baseline blood FA and the risk of hypertension (22) (23) (24) . This may partly be explained by the observed small longitudinal changes in BP [mean (6SEM) annual BP change: 0.448 6 4.435 mm Hg for SBP, and 20.628 6 2.678 mm Hg for DBP], which accounted for <1% of the mean BP. It is difficult to detect an effect of a certain exposure on BP unless the effect size is large enough (i.e., the substantial protective effect of cis n-3 PUFA).Thus, the effects of erythrocyte SFA and cis n-6 PUFA need to be clarified in further studies.
Despite the strength of the comprehensive assessment of cross-sectional and longitudinal associations between erythrocyte FA and BP in a population-based cohort of middle-aged individuals, this study has several limitations. First, the participants in this study had healthier lifestyles and fewer potential increases in BP than those who did not participate, which might in turn attenuate the mean differences in BP changes. Second, only 1 measurement was taken per participant for erythrocyte FA biomarkers, and the measurements may not have reflected the biologically relevant exposure; thus, it was also not possible to assess how changes in FAs may have affected changes in BP. In addition, a single assessment of FAs may be susceptible to a large random error and short-term fluctuation which both attenuate associations. Third, as with any observational study, residual confounding could not be ruled out, despite our attempts to control for the major potential confounders. Finally, in studies with such large samples it is often possible to find associations that have little relevance. However, besides the reasons mentioned in the first and the second limitations that attenuated FA-BP associations, the small changes in BP [as documented in another study conducted in Chinese adults (45)] and relatively great errors in BP measurements would also substantially attenuate the FA-BP associations, particularly in the longitudinal studies. Therefore, the effect size might be substantially underestimated in our study, and that is the reason (at least in part) why the FA-BP associations were much more significant in the cross-sectional data than in their longitudinal counterparts. Our cross-sectional findings suggested that a higher content of erythrocyte SFA and lower content of cis PUFA, cis n-3 PUFA, cis n-6 PUFA, and the PS ratio were associated with higher BP in middle-aged and elderly Chinese adults. Longitudinal analyses indicated that a higher content of cis n-3 PUFA (mainly VLC cis n-3 PUFA) and the n-3:n-6 PUFA ratio may improve BP progress over 3 y, perhaps by reducing serum TGs and BMI. A longer follow-up period is needed to clarify the effect of other types of FAs on BP change.
